Abstract: This account traces the development of our synthetic glycopeptide-and glycoprotein-based research program over the past decade. We recount the syntheses of a number of biologically relevant, natural product-inspired glycopeptide constructs, including those associated with prostate specific antigen (PSA) and with the gp120 surface envelope protein of HIV. We also describe our progress toward the synthesis of the multiply glycosylated protein, erythropoietin (EPO). Particular emphasis is placed on the development of enabling methodologies which allow for the ligation of complex glycopeptide fragments, thus rendering it possible to access, through purely synthetic means, homogeneous, multidomainal glycopeptide and glycoprotein constructs.
INTRODUCTION
In the parlance of pharma seeking to define its mission, pharmaceutical agents are often divided into two categories. Certainly, a productive route for over a century has been what are now known as cellpermeable small molecules. More often than not, these "small molecules" are prepared by chemical synthesis following leads developed via sample collections from the pharma discovery laboratory or from small-molecule natural product (SMNP) collections [1] . Often, the actual optimization of phenomenological function precedes clear definition of the existence of a molecular target, not to speak of the precise structure of the target. Clearly, the trend in the pharma discovery style is in the direction of focusing on the prior definition of targets. The small molecule is graded on the basis of how it performs relative to the molecular target rather than to some gross functional phenomenon. While this line of progression is in keeping with the maturing of pharmacology into a molecular science which craves increasingly precise discovery venues, this otherwise admirable direction is not without potential costs. In this age of focus on target-constrained rationality, one wonders whether, if penicillin had first been encountered in 2007, it would have survived the barrage of skepticism it would surely have encountered from pharma sophisticates. A real challenge to increasingly rational discovery trajectories is that of maintaining an openness and receptivity to the joy of spontaneous discovery even from seemingly amateurish programs.
ing of multiple carbohydrate glycoforms, which cannot be readily separated through standard isolation procedures. For the purposes of rigorous biological investigation, it would be useful to have access to structurally homogeneous glycopeptides and even glycoproteins. It is in addressing this challenge that chemical synthesis has yet again revealed itself to be a remarkably powerful resource.
Long before we entered the arena of glycopeptide and glycoprotein synthesis, our laboratory had been involved in discovering and implementing methodology for the assembly of complex, structurally homogeneous carbohydrates. We started with our versatile and highly scalable paradigm of glycal assembly [7] . This method, outlined briefly in Scheme 1, can allow for the rapid elaboration of large and complex oligosaccharide domains, terminating in a glycal moiety. The terminal glycal, thus elaborated, can serve as a convenient handle for generating a new glycosyl donor to extend the domain still further. For building glycopolypeptides, the carbohydrate sector must be appended to the peptide either through an α-O-linkage to a serine (or threonine) residue or through a β-N-linkage to an asparagine (Asn) residue. Thus, as we started to investigate the applicability of our glycal assembly method to the synthesis of glycopeptides and glycoproteins, the first task would be the development of a means by which to append the fully synthetic carbohydrate sector to an amino acid-namely, an aspartate (Asp), which would thence become an asparagine residue.
Our first effort to address the challenge of assembling homogeneous glycopeptides, drawing from our earlier efforts, is outlined in Scheme 2 [8] . Thus, the high-mannose pentasaccharide (1) was synthesized with heavy recourse to glycal assembly strategies. We had previously developed methods in our laboratory by which to achieve overall "acetamidoamination" of a terminal glycal olefin [9] . In line with our earlier disclosures, iodoanthracenesulfonamidation of 1, followed by azidolytic turnstyle rearrangement, proceeded in good yield to afford, following protecting group manipulations, the azido glycan (2) . At this stage, the hope was to effect the stereoselective reduction of the azide functionality. The realization of this goal presented a significant challenge. We were, in fact, well aware of the difficulties associated with the reduction of an anomeric azide of a carbohydrate in a complex setting, with maintenance of glycosidic integrity in the resultant anomeric amine. Competing processes might include anomerization of the initial azide or resultant amine. Also of concern was the possibility of trans acylation of the anomeric amine via the adjacent acetamido moiety. Nonetheless, on the basis of reports by Kunz and coworkers [10] , which describe the use of the mild hydrogenation catalyst Raney nickel to effect reductions of saccharide substrates, we had been able to achieve stereoselective azide reductions in the context of simpler model systems. In the case at hand, however, all attempts to employ Raney nickel in the conversion of 2 to 3 led to disappointingly high levels of anomerization of the amino sugar. The anomeric mixture (3) could, in fact, be coupled to the Asp residue of a tripeptide (4) or of a pentapeptide (5) in respectable yields, to afford the glycopeptides 6 and 7 as 2:1 (β:α) anomeric mixtures (see asterisk). Clearly, we would have to develop a more stereoselective method for the advancement of the terminal glycal (1) to the coupling precursor anomeric amine (3) .
Below, we recapitulate a stereospecific solution to the total synthesis of a complex carbohydrate N-linked to an Asp containing peptide [11] . Compound 10 was reached by two-fold α-mannosylation of 8. At this stage, α-epoxidation of the glycal linkage was followed by thiolysis. Following protection of the C 2 hydroxyl as its benzoate (see 12), the glucoside donor was coupled with lactosamine derivative 13, to provide the β-glycosidic linkage. Thus, the gluco-framework in the donating sugar had been used to ensure a β-linkage between the B and the C rings. At this point, it was necessary to convert the α-benzoyloxy group in ring C from the glucose to the mannose stereochemistry. This was accomplished by an oxidation/reduction epimerization as shown (14 → 15) . In this way, the proper stereochemistry of the mannose 5-mer was established.
Fortunately, a solution to the above-mentioned problem of the stereoselective installation of the β-anomeric amine was eventually identified. Thus, the high-mannose pentasaccharide glycal motif (16) was subjected to a standard iodosulfonamidation/ethane thiolate rearrangement sequence [12] , as shown (Scheme 3), to afford, following global deprotection, the intermediate (17) . NBS-mediated hydrolytic cleavage of the β-thioethyl moiety afforded the free reducing sugar (18) . At this stage, through recourse to the enabling precedents of Lansbury [13] and Kochetkov [14] , we were able to stereoselectively convert 18 to the β-amino anomer (19) . The latter successfully underwent acylation with pentapeptide 20, to provide the desired glycopeptide (21) , as a single stereoisomer in 40 % yield.
Having identified a promising means by which to append a carbohydrate sector to an Asp residue of a short peptide fragment, we next sought to examine this methodology in the context of building a significantly more complex glycan system. We thus set for ourselves the challenge of synthesizing an determinant donors were inserted (24 + 25 → 26). In net terms, we had synthesized the fifteen-mer from an initial five-mer through the introduction of two lactosamines (two-mers) and then two H-type determinants (three-mers). The terminal glycal of the protected oligosaccharide (27) was upgraded to a hemiacetal through iodosulfonamidation, followed by base-mediated hydrolysis. Remarkably, we found the reducing end hemiacetal to be stable to global deprotection under dissolving metal reduction conditions. Thus, following exposure to sodium in liquid ammonia, the fully deprotected hemiacetal reducing sugar (28) was in hand. The latter was advanced to the β-situated anomeric amine (29) under the protocol developed for the synthesis of the pentasaccharide adduct (Scheme 3, above). As hoped, the anomeric amine (29) successfully underwent acylation with the Asp residue of pentapeptide 20, to furnish the N-linked glycopeptide 30, presenting the H-type 2 blood group specificity.
In establishing an efficient protocol by which to stereoselectively merge mature oligosaccharide and peptide domains, we had accomplished our first objective in the quest to begin to develop a menu of enabling methods for the synthesis of complex glycopeptides and glycoproteins. We next considered the synthetic implications of targeting constructs composed of much larger peptide fragments. While an ultimately convergent approach to such systems might conceivably involve the appendage of the mature glycan domain to the full peptide fragment in a single, climactic acylation event, such a strategy carries with it high risks in terms of synthetic practicality and flexibility. An alternative approach, outlined in Scheme 5, would first involve the merging of the glycan domain with a small peptide fragment, to afford a glycopeptide subunit (32) [16] . This intermediate would then be annealed with a longer peptide fragment (31) through native chemical ligation, to furnish the mono-glycosylated peptide adduct (33) . This strategy would allow us to meet our primary requirement: that the precious, fully synthetic glycan be the limiting reagent in the sequence.
The viability of a ligation approach was demonstrated in the context of the trisaccharide pentapeptide 35 and the tetradecapeptide thioester 34 (Scheme 6). Following the native chemical ligation strategy pioneered by Kent and associates [17] , the glycopeptide coupling partner (35) , incorporating a tert-butyl disulfide-protected cysteine residue, was prepared through recourse to the glycal assembly and amination/aspartylation techniques described above. In the event, native chemical ligation with the polypeptide thioester (34) (itself synthesized on solid support through conventional methods) was performed in aqueous PBS in the presence of excess sulfonylethane-2-sulfonate (36) . Upon global disulfide reduction with TCEP, the coupling partners smoothly underwent ligation to afford the fully unprotected glycopeptide adduct (37) . Importantly, a single stereoisomeric adduct was observed, corresponding to the β-linked glycosylamide.
With the establishment of these important enabling protocols, a wide range of highly complex and biologically compelling glycopeptide target compounds now appeared to be, at least in principle, within the reach of de novo chemical synthesis. Hoping that progress would be possible, we identified some rather more complex targets to test the emerging skills of the laboratory. Moreover, we could envision application of these capabilities to problems of potential medical application. Specifically, our laboratory focused on: (1) the development of enhanced methods for the early diagnosis of prostate cancer, and (2) the development of novel carbohydrate-based HIV vaccines.
PROSTATE SPECIFIC ANTIGEN
The display of aberrant protein glycosylation patterns is recognized to be one of the indicative changes accompanying malignant transformation of a cell. As detailed elsewhere, we are actively engaged in a broad-based research program which seeks to exploit this unique phenotype of transformed cells for therapeutic benefit [18] . Thus, our fully synthetic carbohydrate-based tumor vaccine program seeks to induce a potent immune response against cancer cells over-expressing the relevant tumor-associated carbohydrates. Alternatively, in certain instances, one could envision the potential diagnostic benefit that might accrue from the ability to detect, at an early stage of cancer progression, the modified glycosylation patterns characteristic to a particular tumor type.
In this context, we took particular note of the need to develop improved methods for the diagnosis of prostate cancer. The state-of-the-art diagnostic methods for prostate cancer rely upon the evaluation of levels of prostate specific antigen (PSA). PSA is a 28 kDa glycoprotein which possesses a single site of N-glycosylation, and is secreted exclusively by the prostatic epithelium [19] . All currently available immunoassays are composed of antibodies which recognize only the peptide backbone of PSA [20] . However, ambiguities often arise in the interpretation of borderline PSA levels, rendering it difficult to distinguish between prostate cancer and benign prostatic hyperplasia [21] .
Of particular interest to our laboratory was the recent discovery that the PSA glycoproteins secreted by normal and transformed prostate cells differ appreciably in the degree of carbohydrate branching. Thus, the PSA produced by normal cells is only biantennary (cf. 38, Scheme 7), while transformed prostate cancer cells may produce PSA glycoprotein presenting tri-or tetrabranched carbohydrate domains (cf. 39 and 40) [22] . Because the antibodies only recognize the peptide backbone of the glycoprotein, current PSA detection methods are blind to such variations in the carbohydrate sector. Conceivably, an immunoassay that would provide information on the level of oligosaccharide branching could play an important role in the determination of the likely aggressiveness of the disease. Furthermore, a sufficiently sensitive assay might allow for the detection of malignant transformation at a very early stage of the disease, when serum PSA levels are not yet indicative.
In order to investigate this novel approach, we set out to prepare three different PSA glycopeptide fragments, incorporating normal (38) or transformed (39 and 40) carbohydrate domains. Seemingly, de novo chemical synthesis would be required in order to allow access to adequate levels of structurally homogeneous glycopeptide construct. We would then attempt to induce formation of antibodies, each of which would hopefully be at least selective for a single PSA glycoform.
The synthesis of the normal, biantennary PSA glycopeptide (38) is outlined in Scheme 8 [23] . Thus, the nonasaccharide (51) was prepared through glycal assembly techniques. In designing this route, we sought to avoid the need for the technically demanding glucose to mannose transformation to adjust the stereochemistry in ring C, as had been required in our earlier synthesis of the pentasaccharide glycopeptide 21 (see Scheme 3, 14 → 15). We also sought to remove the glycal functionality from ring A at an earlier point. It was felt that the presence of this labile glycal linkage throughout the course of the synthesis would tend to lower the yields of processes mediated by various Lewis acidic catalysts. Accordingly, a disaccharide glycal (41) was converted to the C 2 α-benzene sulfonamide/C 1 α-OTBS combination (cf. 43) through well-established reactions in glycal assembly. At this stage, it proved possible to convert the disaccharide to trisaccharide 45 by direct mannosylation with 44, using the advances pioneered by Kahne [24] and Crich [25] . Following exposure of the two hydroxy acceptor sites in ring C of trisaccharide 46, two-fold α-mannosylation with donor 48 was accomplished (see pentasaccharide 49). The synthesis continued with two-fold glycosylation of the two acceptor sites of 49 with lactosamine-derived donor 50. This led eventually to 51. Global Birch debenzylation once again proceeded without incident to provide 52, with the reducing hemiacetal intact. Kochetkov amination provided the requisite β-glycosylamine, 53, which was subsequently coupled with the hexapeptide 54 to afford, following removal of the Fmoc and ivDde protecting groups, the glycopeptide intermediate, 55. At this stage, we were able to employ native chemical ligation with 56 to elongate the peptide fragment, as shown. Thus, through recourse to total synthesis, we were able to gain access to the normal PSA(27-47) glycopeptide fragment, presenting the homogeneous biantennary nonasaccharide (38) . Analogous pro-
HIV VACCINES
Despite ongoing and intensive efforts, the development of an effective vaccine against HIV has remained an elusive goal [26] . Even in vitro, the ability to demonstrate induction of broadly neutralizing antibodies is no small challenge. The failure to achieve success thus far may be attributed to the high rate of viral variation, as well as to the low immunogenicity of the protein sector of the viral surface envelope protein, gp120. Indeed, extensive glycosylation found on the surface of the gp120 glycoprotein may serve to effectively shield the polypeptide domain from recognition and attack by the immune system. The gp120 surface is coated with 24 different carbohydrate motifs, and, accordingly, we wondered whether these glycans could themselves be effectively targeted by a well-designed anti-HIV vaccine [27] . In this regard, we were encouraged that a number of gp120 glycans are highly conserved and are presented on the presumably more accessible outer side of the gp120 trimer. We took further note of some findings regarding the 2g12 antibody, one of the most potent anti-HIV antibodies currently known. Interestingly, 2g12 appears to bind to the hybrid-or high-mannose type carbohydrate domains of gp120 [28] . With this information in hand, we set, as our first objective, the synthesis of hybrid and high-mannose gp120 fragments (Scheme 11, 69 and 70). Antibodies subsequently raised against each of these synthetic glycopeptides would hopefully serve as effective agents against the gp120 envelope protein of HIV.
We emphasize once more the central role that chemical synthesis must play in this research program. Indeed, despite the undeniable challenges associated with the de novo synthesis of such complex constructs, it is our judgment that total synthesis represents the most promising means by which to obtain adequate levels of these glycopeptides in structurally homogeneous form for rigorous evaluation and use. Furthermore, through total synthesis, we retain the flexibility necessary to target a diverse range of glycopeptide congeners.
In designing our synthetic glycopeptide construct, we elected to synthesize the gp120 316-335 peptide fragment, encompassing Asn 332, which displays the hybrid or high-mannose oligosaccharide domains. The preparation of the hybrid gp120 glycopeptide fragment (69) is outlined in Scheme 12 below [29] . Nonasaccharide (71) was prepared through the glycal assembly and Kochetkov amination methods described above. At the planning stages, we proposed to first assemble the gp120 331-335 substructure (cf. 73). This short glycopeptide fragment, possessing a Cys 331 residue, would subsequently be
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Scheme 11 Hybrid and high-mannose gp120 fragments.
ligated with a longer peptide fragment. In the event, however, although aspartylation proceeded smoothly to furnish the glycopeptide, 73, the subsequent native chemical ligation with peptide 74 could not be achieved under any conditions evaluated. Ultimately, we were forced to append the entire peptide fragment to the carbohydrate domain in a single acylation event (see coupling of 71 and 75). This transformation, while successful, proceeded in a not surprisingly modest (20 %) yield. Nonetheless, we were able to employ this coupling strategy to gain access to the hybrid gp120 glycopeptide fragment (69). A similar procedure was employed for the synthesis of the high mannose gp120 fragment (70) [30] . In summary, although our synthetic goals were ultimately attained, the failure of the ligation to proceed as hoped was a setback. More recent investigations of this phenomenon reveal that the nature of the amino acid sequence and the positioning of the carbohydrate is likely an important factor in determining the facility with which the subsequent native chemical ligation may occur. 
ERYTHROPOIETIN
With our completion of the syntheses of the normal and transformed PSA glycopeptides as well as the hybrid and high-mannose type gp120 glycopeptides, we had established the ability of our synthetic methodologies to provide access to significant quantities of biologically relevant, structurally complex glycopeptide fragments. Having met our early-stage objectives, we soon set our sights on a much more complicated and daunting target molecule: erythropoietin alpha (Scheme 13). Erythropoietin alpha (EPO), a heterogeneous 166-residue glycoprotein containing four sites of glycosylation (one O-linkage at Ser 126 and three N-linkages at Asn 24 , Asn 38 , and Asn 83 ) [31] , is a medicinally important agent which is widely used in the treatment of anemia. The critical role that the carbohydrate domains play in conferring efficacy and stability to the glycoprotein has been well documented. However, a rigorous comparison of the therapeutic value of various glycoforms of EPO has thus far been significantly hindered by the difficulties associated with isolating homogeneous EPO from natural sources [32] . Certainly, the complexities associated with attempting to synthesize, de novo, a multiply glycosylated protein such as EPO cannot be understated. Nonetheless, we recognized in EPO the potential for chemical synthesis to critically assist in addressing highly relevant biological questions. Furthermore, we were virtually compelled to attempt a total synthesis of EPO simply for the sheer chemical challenges that would surely arise. Indeed, as will be seen, our ongoing synthetic EPO program has presented a number of opportunities to expand upon the scope of known glycopeptide methodologies. In addition to enabling our synthesis of EPO, we expect that these advances will prove useful in the synthesis of a range of other glycopeptide and glycoprotein targets.
In order to realize our overarching objective; i.e., the total synthesis of homogeneous multiply glycosylated EPO, we would first need to establish a means by which to efficiently ligate two glycopeptide fragments, each possessing a different oligosaccharide domain (Scheme 14). As described above, we had earlier developed the capacity to extend the peptide chain of a singly glycosylated peptide through a glycopeptide-peptide ligation protocol (cf. Scheme 5). A direct extension of this previously described method to encompass the coupling of two glycopeptide fragments was not considered to be a practical solution to this challenge. Thus, under our glycopeptide-peptide native chemical ligation (NCL) technique, the peptide fragment is equipped with a preformed thioester functionality. In envisioning an analogous glycopeptide-glycopeptide ligation, we were concerned about the practical difficulties that would ensue in attempting to gain access to a preformed glycopeptide thioester through convergent means. As an alternative, we considered the possibility of installing a latent activating moiety on one of the glycopeptide fragments. Thus, as portrayed in Scheme 14, two differentiated glycopeptide units would be assembled [33] . One fragment (76) would be equipped with a C-terminal phenolic ester possessing an ortho disulfide moiety, while the other would incorporate a protected, N-terminal cysteine residue (77). We envisioned that, upon simultaneous reduction of the two disulfides, the phenol of fragment 78 might undergo intramolecular O → S migration. This intermediate thioester was expected to be sufficiently activated to allow intermolecular thioester formation by the free cysteine residue of glycopeptide 80. Finally, following intramolecular acyl transfer, a bidomainal glycopeptide, incorporating two differential sites of glycosylation, would be in hand. We note that, although we suspected that the phenolic ester (78) could indeed undergo intramolecular acyl transfer to some degree, to generate the thioester (79), such an event need not necessarily be critical to the success of the ligation. Indeed, one could imagine that the presence of a free ortho benzene thiol function might well serve to significantly activate the phenolic ester toward intermolecular acyl transfer. Furthermore, we anticipated that, even if O → S migration would occur, the thioester intermediate would likely exist in an unfavorable yet dynamic equilibrium. The mechanistic underpinnings of this transformation would later be examined in some detail (see below). Indeed, the rationale behind this proposed native chemical ligation protocol was borne out experimentally. Two glycopeptide fragments were prepared through standard techniques. One fragment (83) was equipped with an ortho disulfide phenolic ester, while the other (84) presented a protected N-terminal cysteine residue (Scheme 15). Following Mes-Na mediated disulfide reduction, the glycopeptide fragments smoothly underwent ligation to provide the polypeptide adduct (85), incorporating two different carbohydrate sectors. This cysteine-based native chemical ligation strategy has been successfully extended to the syntheses of a range of doubly glycosylated polypeptides.
While this newly developed, cysteine-based glycopeptide-glycopeptide NCL strategy would surely play a key role in our eventual synthesis of EPO, an examination of the primary amino acid sequence of EPO revealed a limitation of our current methodological capacities. Thus, an ultimately convergent route to EPO would involve the separate preparation of four glycopeptide fragments of relatively equal size, each of which would present one of the EPO carbohydrate domains. These four glycopeptide sectors would then be iteratively coupled through NCL to afford the fully glycosylated protein. In considering this perspective, we took note of the relative paucity of cysteine residues on the EPO backbone. In fact, EPO possesses only four cysteine residues, which are positioned in such a way that they do not partition the protein into four roughly equally sized carbohydrate-bearing domains. Thus, for practical reasons, it would be necessary to develop a non-cysteine-based glycopeptide ligation protocol that could be used in concert with our newly developed cysteine-based strategy. In the course of mechanistic studies of the cysteine-based NCL strategy, we had observed that, following disulfide reduction, the ortho-thiol phenolic ester apparently undergoes complete intramolecular acyl transfer to afford the thioester intermediate (cf. 78 → 79, Scheme 14) . On the basis of this surprising finding, we began to consider a cysteine-free ligation strategy that would exploit the intermediacy of the glycopeptide thioester. Our proposed ligation, briefly outlined in Scheme 16, would commence with a substrate (86), wherein the two glycopeptide fragments are positioned in a meta arrangement upon a benzylic framework [34] . A protected thiol would reside between (ortho to) the two glycopeptide fragments. It was envisioned that thiol deprotection would set the stage for an O → S acyl transfer (87 → 88). The resulting thioester would be positioned for intramolecular S → N acyl transfer with the amine of the second glycopeptide, to afford, following auxiliary removal, a cysteine-free ligated glycopeptide (90). Through this strategy, we hoped to harness the benefits of intramolecularity while relieving our dependency on the N-terminal cysteine residue, which, in our original strategy, had served the critical function of transiently joining the two glycopeptide fragments. The unimolecular substrate (86) would be synthesized as shown in Scheme 16, through a three-component coupling of the two glycopeptides (91 and 93) with the phenolic aldehyde 92.
